Sister chromatid cohesion is mediated by DNA catenation and proteinaceous cohesin complexes. The recent visualization of PICH (Plk1-interacting checkpoint helicase)-coated DNA threads in anaphase cells raises new questions as to the role of DNA catenation and its regulation in time and space. In the present study we show that persistent DNA catenation induced by inhibition of Topoisomerase-II can contribute to sister chromatid cohesion in the absence of cohesin complexes and that resolution of catenation is essential for abscission. Furthermore, we use an in vitro chromatid separation assay to investigate the temporal and functional relationship between cohesin removal and Topoisomerase-II-mediated decatenation. Our data suggest that centromere decatenation can occur only after separase activation and cohesin removal, providing a plausible explanation for the persistence of centromere threads after anaphase onset.
Introduction
Faithful chromosome segregation requires that sister chromatids are held together from S phase, the time of DNA replication, to the moment in mitosis when all kinetochores have undergone bipolar attachment to spindle microtubules. Topological linkages between sister chromatids are established through both DNA catenation and cohesin protein complexes (Murray and Szostak, 1985; Nasmyth and Haering, 2005; Yanagida, 2005) . Each cohesin complex is proposed to embrace both sister chromatids by forming a ring composed of two structural maintenance of chromosome (Smc) proteins (in human cells Smc1 and Smc3), linked by a kleisin subunit (Scc1; also known as hRad21 and hHR21) and an accessory protein (Scc3/SA) (Haering et al., 2008; Losada, 2007) . During early mitosis, most cohesin is dissociated from chromosomes through the action of Wapl and two mitotic kinases, Plk1 and Aurora B (Dai et al., 2006; Gandhi et al., 2006; Gimenez-Abian et al., 2004; Kueng et al., 2006; Losada et al., 2002; Sumara et al., 2002) . However, cohesin at the centromere is protected from this so-called 'prophase pathway' by a centromere-associated protein, shugoshin 1 (Sgo1), that acts in concert with protein phosphatase 2A (PP2A), most likely to counteract Plk1-dependent cohesin phosphorylation (Kitajima et al., 2006; McGuinness et al., 2005; Salic et al., 2004; Watanabe, 2005) .
Centromere cohesion is abolished only after silencing of the spindle assembly checkpoint (SAC). This surveillance mechanism ensures the fidelity of chromosome segregation by inhibiting mitotic progression until bipolar attachment of all chromosomes to spindle microtubules is established (Musacchio and Salmon, 2007) . In mammalian cells, silencing of the SAC appears to depend primarily on the distance between inner centromeres and outer kinetochores or intra-kinetochore tension (Liu et al., 2009; Maresca and Salmon, 2009; O'Connell et al., 2008; Uchida et al., 2009) , although inter-kinetochore tension may be monitored in yeast (Pinsky and Biggins, 2005) . The SAC is thought to operate primarily via the sequestration of Cdc20, a cofactor of the anaphasepromoting complex/cyclosome (APC/C), which controls the onset of anaphase by targeting cyclin B and securin for ubiquitinmediated proteasomal degradation. The degradation of cyclin B and securin results in the inactivation of the cyclin-dependent kinase 1 (Cdk1) and the activation of separase, which in turns cleaves the centromeric cohesin and triggers the onset of anaphase (Huang et al., 2005; Stemmann et al., 2001; Uhlmann et al., 1999) .
Catenation of sister chromatid DNA is the direct consequence of DNA replication (Sundin and Varshavsky, 1980) . In human cells, the decatenation of DNA double strands is brought about primarily by Topoisomerase-II (Topo-II; also known as DNA Topoisomerase-II) and most catenation along chromosome arms is resolved before metaphase (Porter and Farr, 2004) . At centromeres, however, the resolution of catenated DNA appears to be completed only during anaphase, as inferred from recent studies demonstrating the persistence of PICH (Plk1-interacting checkpoint helicase; also known as DNA excision repair protein ERCC-6 like)-positive DNA threads upon inhibition of Topo-II in human anaphase cells (Baumann et al., 2007; Wang et al., 2008) . Similarly, a requirement for Topo-II activity after anaphase onset has been shown in a number of different organisms (Downes et al., 1991; Gimenez-Abian et al., 2002; Shamu and Murray, 1992; Uemura et al., 1987) . The precise structures of PICH-positive DNA threads in anaphase cells (also referred to as ultrafine DNA bridges; UFBs) remain to be clarified. In particular, it is intriguing that Bloom syndrome RecQ helicase (as well as its complex partners RMI1 and Topoisomerase III) associates with some UFBs (Bachrati and Hickson, 2008; Chan et al., 2007) . Moreover, a subpopulation of UFBs was recently shown to connect fragile site loci associated with Fanconi anaemia proteins FANCD2 and FANCI, thus, probably representing abnormal intertwined DNA structures induced by replicative stress (Chan et al., 2009; Naim and Rosselli, 2009 ). However, considering that a majority of PICH-positive UFBs connects the kinetochores of separating sister chromatids even in unperturbed cells (Baumann et al., 2007; Wang et al., 2008) , it seems plausible that these represent physiological rather than pathophysiological structures.
PICH is a member of the SWI/SNF2 family of DNA-dependent ATPases. Its predicted enzymatic properties and specific association with centromeres originally suggested a potential role for this protein as a tension sensor in the SAC (Baumann et al., 2007) . However, in the light of recent findings, this now appears unlikely (Huebner et al., 2010; Maresca and Salmon, 2009; Uchida et al., 2009 ). However, the surprising discovery that PICH persisted on centromere-derived DNA during anaphase renewed interest in the role and regulation of DNA decatenation during mitotic progression . In contrast to the well-studied regulation of cohesin removal (Gruber et al., 2006; Hirano, 2006; Losada, 2007; Stemmann et al., 2001; Uhlmann et al., 1999) , much less is known about the temporal and spatial regulation of DNA decatenation. Here, we have combined live-cell imaging with biochemical assays to study the contribution of DNA catenation to sister chromatid cohesion, checkpoint silencing and mitotic progression. Our biochemical studies lead us to propose that separase activation and cohesin removal represent a prerequisite for centromere decatenation, providing a plausible explanation for the unexpected persistence of ultrathin catenated centromere DNA in early anaphase cells. Furthermore, we show that persistent catenation contributes to SAC silencing, even in the absence of cohesin, and that persistent catenation interferes with mammalian cell abscission.
Results

Consequences of persistent DNA catenation
Recent studies on yeast minichromosomes provide strong evidence for a model of sister chromatid cohesion that relies on topological interaction between cohesin ring complexes and chromatin, independent of DNA catenation (Haering et al., 2008; Pauli et al., 2008) . However, the discovery of PICH-positive anaphase threads strongly suggests the existence of a transient physical connection between the centromeres of sister chromatids even after checkpoint silencing and anaphase onset (Baumann et al., 2007; Wang et al., 2008) . Thus, the functional relationship between the resolution of cohesin-mediated cohesion and DNA catenation remains to be fully understood, particularly for chromosomes of higher eukaryotes (Diaz-Martinez et al., 2007) . To determine whether DNA catenation can contribute to sister chromatid cohesion in the absence of cohesin complexes, we induced precocious loss of centromeric cohesin by depleting Sgo1 through siRNA transfection (supplementary material Fig. S1 ) and then assayed sister chromatid cohesion in chromosome spreads from HeLa cells, using immunostaining of the condensin subunit Smc2 to reveal chromosome axes. In addition, we examined the influence of DNA catenation using ICRF-193 to inhibit Topo-II. When compared with the typical X-shaped chromatid configurations seen in siGL2-treated control cells, sister chromatid cohesion was lost in Sgo1-depleted HeLa cells (Fig. 1A) , consistent with previous reports (McGuinness et al., 2005; Salic et al., 2004) . By contrast, chromosome spreads from cells treated with ICRF-193 alone showed tight sister chromatid cohesion and closed-arm configurations (Fig. 1A) . Similarly, the addition of ICRF-193 during Sgo1 depletion resulted in the maintenance of sister chromatid cohesion (Fig. 1B) , indicating that DNA catenation can sustain sister chromatid cohesion even after the release of cohesin complexes.
It has been shown previously that inhibition or siRNA-mediated depletion of Topo-II overrides the mitotic delay induced by depletion of the cohesin component Scc1 (Toyoda and Yanagida, 2006; Vagnarelli et al., 2004) . This suggests that the DNA catenation persisting in response to Topo-II inhibition is sufficient to counteract the pulling forces exerted by spindle microtubules and thus satisfy the SAC. Here we asked whether similar results could be observed following depletion of Sgo1 rather than cohesin. Specifically, we used live cell imaging to monitor the fate of cells lacking either Sgo1 or Topo-II activity, or both. Cells depleted of Sgo1 showed an extensive prometaphase arrest (up to 5-10 hours; Fig. 2 and supplementary material Movie 1) before they underwent cell death, consistent with earlier data (Salic et al., 2004) . By (Toyoda and Yanagida, 2006; Vagnarelli et al., 2004) .
Remarkably, although ICRF-193-treated cells were able to separate chromatin masses (albeit often in an uneven fashion), they mostly failed to undergo abscission, regardless of whether or not Sgo1 was present ( Fig. 2 and supplementary material Movies 3, 4). Very similar results were obtained when cells were depleted of Topo-II by siRNA (data not shown). This indicates that abscission failure is the most common terminal phenotype of HeLa cells dividing with persistent DNA catenation.
Relationship between cohesin removal and centromere decatenation
Previous studies on the resolution of PICH-positive DNA threads suggested that the complete resolution of centromere DNA is achieved only during anaphase , raising the questions of how DNA decatenation is regulated in time and how this process relates to cohesin removal. As one attractive explanation for why centromere DNA is resolved only during anaphase we considered the possibility that decatenation by Topo-II might require the prior removal of centromeric cohesin complexes. To address the issue of how cohesin removal is coordinated with DNA decatenation specifically at centromeres, we developed an in vitro Journal of Cell Science 123 (5) chromatid separation assay for monitoring both cohesin removal and DNA resolution. We focused on purified metaphase (-like) chromosomes, in which cohesin complexes and centromere catenation persist only at centromeres, so that complete chromatid separation can be used as a readout for the successful removal of both cohesin complexes and catenation. Mitotic chromosomes were purified from nocodazole-arrested HeLaS3 cells by velocity sedimentation and isopycnic centrifugation (Stemmann et al., 2001) . Fluorescence microscopy confirmed the typical X-shaped morphology of the purified chromosomes and the expected axial distribution of Topo-II and condensin (Smc2) along the lengths of the chromatids (Fig. 3A,B) . However, although kinetochores could readily be visualized by staining for Hec1, PICH was barely detectable by immunofluorescence microscopy (Fig. 3B) . The observation that most PICH was lost during chromosome isolation suggests that the association of this protein with kinetochores and centromeres is highly dynamic.
To determine whether chromosome-bound Topo-II was active during metaphase, the enzyme was salt-extracted from the purified chromosomes and its activity measured using a decatenation assay. In agreement with previous studies reporting that Topo-II remains active in mitosis (Agostinho et al., 2004; Rattner et al., 1996) , we found that soluble, endogenous Topo-II was at least as active as a recombinant Topo-II preparation, while retaining normal susceptibility to (Fig. 3C) . However, as the Topo-II assayed in these experiments was extracted from entire metaphase chromosomes, the possibility remains that, in situ, Topo-II is specifically inhibited in the centromeric region (see below).
So why does Topo-II not complete DNA decatenation prior to the onset of anaphase, even though the enzyme is clearly active after its extraction from metaphase chromosomes? We reasoned that the persistence of cohesin complexes might serve as a physical impediment to the decatenation of DNA at the centromere. To test this hypothesis, we treated isolated metaphase chromosomes with purified, active separase to remove cohesin, and then studied the effect of ICRF-193 on sister chromatid cohesion. Addition of proteolytically active separase resulted in the separation of 33% of metaphase chromosomes into single chromatids ( Fig. 4A and supplementary material Fig. S2) , concomitant with the cleavage of approximately 50% of total Scc1 (Fig. 4B) . As expected, virtually no chromosome separation and no Scc1 cleavage occurred upon incubation with buffer alone or with proteolytically dead separase (Fig. 4A,B and supplementary material Fig. S2 ). Interestingly, even in the presence of active separase and efficient Scc1 cleavage (Fig.  4B) , chromatid separation was fully inhibited in response to addition of ICRF-193 to metaphase chromosomes (Fig. 4A) . Thus, interference with Topo-II activity results in persistence of both DNA catenation and sister chromatid cohesion even in the absence of cohesin proteins, whereas, conversely, activation of separase is sufficient to allow completion of centromere resolution when Topo-II is active. Taken together, these results lead us to propose a model according to which the removal of cohesin complexes is required for subsequent decatenation of centromere DNA by Topo-II (Fig.  4C) . Consequently, as soon as separase activation triggers the onset of anaphase through the removal of the last proteinaceous linkage between sister chromatids, this also sets the stage for the subsequent removal of the last DNA catenation by Topo-II.
If cohesins were responsible for preserving DNA catenation at the centromere, then one would expect that premature dissociation of centromeric cohesin is followed by decatenation of centromere DNA. From this perspective it may seem paradoxical that a previous study observed prominent PICH-positive DNA threads (presumed to reflect catenated DNA) when precocious loss of centromere cohesin was induced by depletion of Sgo1 (Baumann et al., 2007 ) (see also Fig. 5A ). However, this apparent paradox could readily be resolved through monitoring PICH-positive threads in Sgo1-depleted cells over time. Although threads were very prominent initially, their number decreased over time while cells remained checkpoint arrested in prometaphase (Fig. 5B ). This thread resolution required Topo-II, as shown by its sensitivity to inhibition by (Fig. 5) . We note that the removal of PICH-positive threads from prometaphase-arrested cells required several hours, whereas the removal of anaphase threads occurs more quickly . It is tempting to speculate that this difference reflects the presence of tension in the anaphase situation, which is likely to confer directionality to Topo-II.
Discussion
In this study we have provided evidence that the local presence of cohesin complexes contributes to preserve catenation at centromeres until anaphase onset. A possible explanation is that cohesin sterically limits the access of Topo-II to DNA or acts as a physical impediment to the strand passing action of the enzyme. Alternatively, the presence of cohesin prevents spindle forces from stretching centromeres, so that Topo-II is likely to lack directionality, i.e. it catalyzes both catenation and decatenation. In support of the latter possibility, cohesin complexes purified from HeLa cell extracts have been shown to promote intermolecular catenation (Losada and Hirano, 2001 ). Importantly, the study by Losada and Hirano also argues against the possibility that cohesin affects Topo-II directly.
If, as we propose here, cohesin removal represents a prerequisite for centromere decatenation, this provides a rationale for the persistence of catenated DNA during anaphase (Baumann et al., 2007; Wang et al., 2008) . This still leaves the question of the physiological significance of PICH-positive threads connecting sister kinetochores. Originally, it had been speculated that centromere-associated PICH might function as a tension sensor in the SAC (Baumann et al., 2007) . Although a role for PICH in the SAC appears unlikely in the light of recent results (Huebner et al., 2010) , a persistent connection between sister kinetochores may indeed provide a convenient platform for the placement of a tension sensor. In line with this hypothesis, centromere-associated Aurora B has recently been proposed to contribute to the monitoring of tension through its spatial separation from kinetochore-associated substrates (Liu et al., 2009 ). In addition, Aurora B has a well established role in destabilizing kinetochore-microtubule attachments prior to bi-orientation (Kelly and Funabiki, 2009; Tanaka et al., 2002) .
In agreement with earlier studies (Toyoda and Yanagida, 2006; Vagnarelli et al., 2004) , we find that persistence of DNA catenation induced by inhibition of Topo-II is able to satisfy the SAC even after depletion of cohesin complexes (in our study brought about by Sgo1 depletion). What role, if any, DNA catenation plays in sister chromatid cohesion in the presence of cohesin complexes remains to be clarified. However, mechanical linkages clearly persist between sister chromatids during the early stages of anaphase (Baumann et al., 2007; Chan et al., 2007; Harrison et al., 2009; Wang et al., 2008) . In the case of threads connecting centromeres, we believe that these consist of catenated DNA. It is tempting to speculate that these latter connections serve to prevent an abrupt loss of tension upon removal of cohesins. A priori, the stretching Journal of Cell Science 123 (5) of DNA to ultrathin threads would seem to create a threat to the integrity of the genome and so one might have expected evolution to eliminate any mechanism that generates such threads, unless they serve a purpose. As discussed previously , the maintenance of tension across PICH-positive anaphase threads may serve to prevent the reactivation of the SAC during early anaphase. Considering that silencing of the SAC appears to depend on tensioninduced structural rearrangements within kinetochores (Maresca and Salmon, 2009; Uchida et al., 2009) , the persistence of catenated centromere DNA between at least some sister kinetochores may be required to maintain this tension for a sufficient time to allow irreversible SAC silencing (e.g. through degradation of essential components). Alternatively, or in addition, it is interesting to consider the impact of an abrupt loss of tension on the stability of kinetochore-microtubule interactions. If, as postulated by most prevailing models, tension is required to stabilize microtubule kinetochore interactions, and cleavage of cohesin by separase causes an abrupt loss of tension, this in turn might cause microtubules to be released from kinetochores. So, perhaps catenated centromere DNA threads are important to provide sufficient tension during the early stages of anaphase to keep microtubules stably attached to kinetochores.
Our present study emphasizes the relationship between the timing of cohesin removal and the origin of PICH-positive, centromere-derived DNA threads. Extrapolating from our findings, it is tempting to speculate that Topo-II action on chromosome arms may also follow the removal of cohesin and that PICH plays a role in this process. Support for this view stems from the transient localization of PICH to chromosome arms and its role in recruiting Plk1 to those locations (Leng et al., 2008; Santamaria et al., 2007) . Although some PICH threads have been reported to connect chromosomal loci distinct from centromeres (Chan et al., 2007; Chan et al., 2009; Naim and Rosselli, 2009 ), we do not generally see PICH-positive threads connecting the arms of sister chromatids during prometaphase. This may reflect the transient nature of such structures and/or limitations in the sensitivity of our detection methods. Alternatively, tension may be required to generate a distinctive DNA structure for PICH interaction, which might explain why PICH-positive threads are seen primarily connecting centromeres during anaphase (Baumann et al., 2007; Wang et al., 2008) .
Finally, we show here that persistent catenation interferes with abscission. This observation may relate to the so-called NoCut pathway, which is proposed to prevent premature cytokinesis as long as chromatin is detected at the spindle midzone (Mendoza et al., 2009; Norden et al., 2006) . This intriguing pathway is centred on the Aurora B kinase and was recently shown to operate in both yeast (Mendoza et al., 2009 ) and mammalian cells (Steigemann et al., 2009) . Thus, it is attractive to speculate that PICH-coated DNA threads might provide a platform for the action of Aurora B.
Materials and Methods
Antibodies and transfection
Methods for siRNA transfection and antibodies against PICH, Hec1 and Scc1 have been described previously (Baumann et al., 2007; Stemmann et al., 2001) . Mouse anti-Topo-II antibody was purchased from Stressgen (Michigan, USA), Mouse antiSgo1 was from Abnova (Heidelberg, Germany) and rabbit anti-Smc2 was from Abcam (Cambridge, UK).
Preparation of mitotic chromosome spreads
HeLaS3 cells were transfected with siRNA 10 hours before being arrested with thymidine (2 mM) for 24 hours. ICRF-193 (5 M) was added into the culture medium after release from thymidine arrest. Thirteen hours after release, mitotic cells were collected by mechanical shake-off. Mitotic cells were resuspended in hypotonic buffer (75 mM KCl) at room temperature for 10 minutes, fixed in Carnoy's solution (methanol:acetic acid, 3:1) for 30 minutes at 4°C before being spread on glass slides. Chromosomes were visualized by DAPI staining.
Time-lapse microscopy
The HeLaS3 cell line expressing GFP-H2B was used for live-cell imaging (Baumann et al., 2007) . Cells were cultured in eight-well chamber slides (Ibidi, Martinsried, Germany) with 200 l/well of normal medium (DMEM, 10% FCS, 1% penicillin and streptomycin). For siRNA transfection, 0.6 l of Oligofectamine (Invitrogen) and 0.6 l of 20 M siRNA oligonucleotides were used in 20 l of OPTM-1 medium (Invitrogen) for each well. Cells were synchronized using 2 mM thymidine for 18 hours and then released 8 hours prior to imaging. Live-cell imaging was performed using a Zeiss Axiovert 2 microscope equipped with a Plan Neofluar 40ϫ, 0.75 NA objective and CoolSNAP-ES2 digital camera system. Metaview software (Visitron Systems GmbH) was used for data collection and analysis.
Isolation of metaphase chromosomes
Metaphase chromosomes were isolated according to the method of Gasser and Laemmli (Gasser and Laemmli, 1987) with modifications. At a density of 2ϫ10 5 cells/ml, HeLaS3 cells grown in suspension (0.5 litre culture) were synchronized by a thymidine-nocodazole protocol (Stemmann et al., 2001) . Because metaphase-arrested cells could not be stored, they were immediately swollen for 5 minutes in 50 ml 1ϫ PME (5 mM Pipes-NaOH pH 7.2, 5 mM NaCl, 5 mM MgCl 2 , 1 mM EGTA). This step was repeated once. Cells were pelleted at 1000 g for 5 minutes and the supernatant was removed. All following steps were carried out at 4°C. The cells were lysed in 25 ml lysis buffer 4 [1ϫ PME, 1% thiodiethylene glycol, protease inhibitors without EDTA (Roche), 2.5 M microcystin-LR, 1 M okadaic acid, 1 mM ATP, 0.2% digitonin] using a dounce homogenizer with loose pestle. The lysate was put on top of sucrose step gradients, each consisting of 2 ml HSS (1ϫ PME, 1% thiodiethylene glycol, protease inhibitors without EDTA, 1 M microcystin-LR, 1 mM ATP, 1.8 M sucrose) at the bottom and 28 ml LSS (1ϫ PME, 1% thiodiethylene glycol, protease inhibitors without EDTA, 1 M microcystin-LR, 1 mM ATP, 0.9 M sucrose, 0.02% digitonin) at the top. After centrifugation in a SW28 rotor (Beckman) for 30 minutes at 2182 g, the cytosol and the LSS layer were aspirated off except for 2 ml. Chromosomes were resuspended in the remaining liquid and combined with wash solution [1ϫ PME, 0.25% thiodiethylene glycol, complete protease inhibitor cocktail without EDTA (Roche), 1 M microcystin-LR, 1 mM ATP], 1.6 ml 0.2 M spermidine and 0.8 ml 0.2 M spermine (in the given order) to produce a total volume of 49 ml. After incubation for 5 minutes, 31 ml Percoll (Amersham) was added. The mixture was dounced and then centrifuged in a 70 Ti rotor (Beckman) for 30 minutes at 32,000 g. Chromosomes were recovered from a diffuse band 1 cm above the bottom of the tubes, passed through a 70 m cell strainer (Falcon) and mixed with 35 ml wash solution in a conical tube. After putting 0.3 ml of storage solution (1ϫ PME, 70% glycerol) at the bottom of the tube, the tube was spun in a Haraeus Variofuge 3.0R centrifuge for 30 minutes at 2400 g. Chromosomes were recovered from the bottom of the tube, washed once more and finally resuspended in 0.3 ml storage solution. 
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Topo-II extraction from isolated metaphase chromosomes
To extract Topo-II, metaphase chromosomes were incubated initially with five volumes of TEMP buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA, 4 mM MgCl 2 , 0.5 mM PMSF) and 300 mM NaCl and put on ice for 30 minutes. The chromosomes were spun down at 18,000 g for 10 minutes and the supernatant containing Topo-II was collected as fraction C1. The chromosome pellet was extracted again using TEMP buffer with 500 mM NaCl to obtain the C2 fraction, which was used for the Topo-II decatenation assay. Owing to the high salt content of the extracted C2 fraction, samples for the Topo-II decatenation assay (Topogen) had to be adjusted to 150 mM NaCl for the final reaction.
Purification of recombinant human separase
HEK293T cells were co-transfected with separase (protein A tag) and securin expression plasmids (Stemmann et al., 2001) . Nocodazole-arrested cells were lysed in LP buffer (20 mM Tris-HCl pH 7.7, 100 mM NaCl, 10 mM NaF, 20 mM -glycerophosphate, 5 mM MgCl 2 , 0.1% Triton X-100, 5% glycerol) and separase was isolated using IgG Sepharose. After washing with LP buffer and XB (10 mM HEPES-KOH pH 7.8, 100 mM KCl, 1 mM MgCl 2 , 0.1 mM CaCl 2 , 50 mM sucrose) (Murray, 1991) , the immobilized separase-securin complexes were incubated with Xenopus laevis anaphase egg extract for degradation of securin (1 hour, 18°C, 100 ng/ml of His-tagged human cyclin B90 isolated from baculovirus-infected insect cells). After washing the beads with LP and XB, separase was eluted by cleaving off the protein A tag with Tev-protease (1 hour, 18°C).
Metaphase chromosome separation assay
Metaphase chromosome separation was performed in separase cleavage buffer containing 30 mM Hepes-KOH pH 7.7, 30% glycerol, 25 mM KCl, 5 mM MgCl 2 , 1.5 mM ATP, 100 g/ml BSA and 1 mM EGTA. In a total reaction volume of 10 l, 0.4 l metaphase chromosomes, 1 l of active or protease-dead separase and 50 M ICRF-193 were used as indicated. The reaction was carried out at 30°C for 1 hour, while shaking the samples at 300 rpm to prevent chromosome aggregation. To determine the extent of chromosome separation, 5 l of 4% formaldehyde was added to 5 l of chromosomes, before samples were incubated for 5 minutes, spotted onto glass slides and air-dried. The slides were rinsed twice with PBS-T (PBS plus 0.1% Tween 20), and subjected to immunostaining. The rest of the metaphase chromosomes were incubated with an equal volume of sample loading buffer, boiled for 5 minutes and cohesin cleavage was checked by western blotting.
